Abstract A series of N-n-alkylpyridinium chloroaluminate ionic liquids [C n -py][AlCl 4 ] (where n-alkyl = n-butyl, n-hexyl, and n-octyl) was applied as a medium of the Cp 2 TiCl 2 catalyst, activated by AlEtCl 2 or AlEt 2 Cl, to evaluate the influence of the studied ionic liquids on the performance of the biphasic ionic liquid/hexane ethylene polymerization and the properties of the produced polyethylene (PE). The best results were obtained using N-n-butylpyridinium chloroaluminate. The polyethylene obtained in the biphasic polymerization have the high crystallinity, which was confirmed by DSC, WAXS and PALS methods, as well as the bulk density comparable to commercial HDPE. These unique properties results from the biphasic mode of the ethylene polymerization where the ionic liquid is used to immobilize the catalyst, and polyethylene is produced in the ionic liquids phase.
Introduction
Conventional polyolefins, such as polyethylene and polypropylene, constitute one of the most highly consumed thermoplastics in the world because of their good mechanical properties, chemical inertness, and low cost of production [1, 2] . The significant need for these synthetic polymers, also for special applications, promotes the search for innovative olefin-based polymers with improved properties. Recent trends in polymer chemistry focus on new methods of control of polymer architecture, in order to improve their physicochemical properties. This can be achieved, for example, by controlling polyreaction conditions [3, 4] .
The promising method, which allows to obtain tailor-make polyolefins, is application of biphasic liquid-liquid system in polymerization reaction. In such system, ionic liquids can be successfully used as one of two phases, due to good solubility of transition metal compounds. In contrast, poor miscibility of produced polyolefins allows separate them easily from reaction mixture. This allows for multiple reuse of the ionic liquid phase containing the catalyst. The waste of the expensive transition metal compound can be minimized and the polymerization yield can be improved. Moreover, kind of the applied ionic liquid has considerable influence on performance of the polymerization reaction [5, 6] .
In this study, we focused on the biphasic polymerization of ethylene carried out using chloroaluminate N-n-alkylopyridinium ionic liquids, where n-alkyl was n-butyl, n-hexyl or n-octyl, as media for the metallocene catalyst (Cp 2 TiCl 2 ) as well as the activator (AlEt 2 Cl or AlEtCl 2 ). These ionic liquids have not been investigated to date in the biphasic polymerization of olefins. It is noteworthy that this important group of the ionic liquids is characterized by their lower cost and greater thermal stability than the imidazolium analogues [7] [8] [9] [10] [11] .
In order to better understand polymerization process, the properties of the polyethylenes such as: molecular weight, molecular weight distribution, branching, melting temperature, crystallinity, and bulk density were investigated. Particular attention was devoted to the determination of the structural analysis and crystallinity degree of PE obtained, that affect the application of the polymer. To determine these parameters Differential Scanning Calorimetry (DSC), WideAngle X-ray Diffraction (WAXS), and Positron Annihilation Lifetime Spectroscopy (PALS) were applied. In the structural analysis, the chosen technique can have considerable influence on the results obtained. DSC is quick and convenient method, thus it is commonly applied for determination of the crystallinity degree of polymers. WAXS also gives percentage crystallinity, and additionally, it offers opportunity to measure lamellae thickness [12, 13] . Existence of sub-nanometer local free volume holes in amorphous polymer materials, which arises from their structural disorder, is another important element of polymer microstructure. During the past three decades PALS has developed to be the most important experimental method for studying subnanometer-size holes in polymers, and unique tool for microstructural analysis of polymeric systems [14] [15] [16] [17] .
Experimental

Materials
Ethylene (Linde AG Gaz) and pure nitrogen (Polgaz) were used after having been passed through a column of sodium metal supported on Al 2 O 3 . Pure-grade hexane (POCH, Gliwice) was refined with sulphuric acid, sodium hydroxide, distilled to gain a fraction (62-67°C) and distilled again over sodium/benzophenone, and stored over sodium metal. Bis(cyclopentadienyl)titanium(IV) dichloride -Cp 2 TiCl 2 , ethylaluminium dichloride -AlEtCl 2 , and diethylaluminium chloride -AlEt 2 Cl (1 M as hexane solution), were applied as purchased. 1,2,4-Trichlorobenzene -TCB (99 wt.%) (Aldrich) was purified by distillation.
Measurements
The FTIR analysis was accomplished by using a Nicole Nexus 2002 FT-IR spectrometer. The number of branches in the polyethylene samples was estimated by FT-IR analysis on the basis of the ratio of the band at 1,379.3 to the band at 1,368.7 cm . The samples were used in form of the polymer powder pills with KBr. The former band results mainly from the presence of terminal methyl groups on the branches. The latter is the band of absorption of the methylene groups.
The NMR spectra were recorded on a Bruker Ultrashield spectrometer (400 MHz). The linearity of the polyethylene was analyzed using 13 C NMR spectra (o-dichlorobenzene-d 4 solvent). The number of branches of the selected polyethylene samples was also confirmed by 1 H NMR (o-dichlorobenzened 4 solvent) on the basis of the ratio of integrals of signal of the methyl groups (1.16 ppm) to methylene groups (1.55 ppm).
The molecular weight and molecular weight distribution of each polymer sample in the powder form were determined by gel permeation chromatography (Waters Alliance GPCV 2000) using 1,2,4-trichlorobenzene as the solvent at 142°C. The data was analyzed using polystyrene calibration curves.
The crystallinity and the melting temperature of the polyethylene in the powder form were estimated with a DSC 2010 TA Instruments. The samples were analyzed under nitrogen atmosphere, according to the following cycles: in the first cycle the sample was heated from 20 to 160°C, at a heating rate of 10°C/min., leaving the material at 160°C for 2 min; the second cycle was done using a cooling rate of 10°C/min., until 20°C; in the third cycle the sample was heated from 20 to 160°C, at a heating rate of 10°C/min. The melting temperature (T m ) and the degree of crystallinity (C) of the PE were obtained considering the second heating curves. The polymer crystallinity was calculated using the equation: C = (ΔH f /ΔH t,c )×100 % where; ΔH f -heat of fusion of the polyethylene sample, ΔH t,c -heat of fusion of standard = 290 J/g, C -crystallinity, % [18] [19] [20] The bulk densities were measured according to ASTM Standard D 1895.
X-ray diffraction of the polyethylene in the powder form were performed using a URD6 Seifert (Germany) diffractometer with a copper target X-ray tube (λ=0.154 nm) operated at 40 kV and 30 mA. Cu Kα radiation was monochromised with a crystal monochromator. WAXS curves were recorded in the 2θ range 4-60°, with a step of 0.1°and the registration time of 30 s per step. Analysis of the WAXS curves and calculation of the degree of crystallinity and dimensions of crystallites was performed using the WAXSFIT computer program [21] . After the background subtraction, the experimental diffraction curves were best fitted by theoretical curves being the sum of functions representing crystalline peaks and an amorphous component. The degree of crystallinity was calculated from the Lorentz corrected curves as the ratio of the integral intensity contained within the crystalline peaks to the total integral intensity scattered by a sample over the whole measurement range. Scherrer's formula was used to calculate the dimensions of crystallites (D 110 ) and (D 200 ) perpendicular to the lattice planes (110) and (200), respectively.
Scanning electron microscope (SEM) experiment of the polyethylene samples was carried out on a Hitachi model TM 3000. The samples were fixed on an aluminium sample stub and coated with gold by conventional sputtering techniques. The employed accelerating voltage was 5-15 kV for SEM.
Measurements of positron lifetime spectra were performed using a convectional fast-fast coincidence spectrometer with a time resolution~270 ps FWHM (Full Width at Half Maximum). This system consists of two scintillation detectors with BaF 2 crystals as scintillators. Detectors record the photons emitted from the positron source, i.e. 22 Na isotope 0.9 MBq activity enveloped in the Kapton foil (~8 μm thick), and two identical PE samples, which surround the positron source. Deconvolution of the obtained positron lifetime spectra of the PE samples was performed on four components (τ 1 -τ 4 ). The PE samples were in form of the thin plates of 1.5 mm thickness, which were obtained by pressing the powder of polyethylene at 170°C (5 min. at 20 MPa), and then, cooled to room temperature.
Ionic liquid synthesis
Synthesis and characteristic N-n-alkylpyridinium chloroaluminate ionic liquids were presented in reference [22] .
Ethylene polymerization
All steps were carried out in oxygen-free conditions using an inert nitrogen atmosphere. The ionic liquid (5 cm 3 ) phase was mixed with the alkylaluminium compound and stirred overnight. To investigate the influence of the activator/catalyst molar ratio on the performance of the polymerization reaction, the amount of the alkylaluminium compound (AlEtCl 2 or AlEt 2 Cl) was changed gradually (2.0-6.0 · 10 −3 mol of Al)
while the amount of the Cp 2 TiCl 2 catalyst (3.0 · 10 −5 mol of Ti) was kept constant. The catalyst was added to the ionic liquid shortly before it was applied to the polymerization reaction. The hexane phase (150 cm 3 ) contained an alkylaluminium compound (2 · 10 −4 mol of Al) to act as a scavenger of impurities. The polymerization reaction was conducted in a 500 cm 3 glass reactor equipped with a mechanical stirrer and a water jacket to maintain a constant temperature. Hexane and the previously prepared mixture of the ionic liquid/alkylaluminium compound containing Cp 2 TiCl 2 were added successively into the reactor under a nitrogen atmosphere. The ethylene was bubbled through the ionic liquid phase at a pressure of 5 atm. while the temperature was maintained at 30°C. The polymerization reaction was terminated by the closure of the ethylene feeding. The hexane phase was decanted. The polyethylene from both phases was filtered off, washed by 5 % HCl methanolic solution, methanol, and dried at room temperature for 48 h to constant weight, to obtain a powder, white and off-white from the hexane and ionic liquid phases, respectively.
Catalyst reuse in biphasic system
The reaction was generally carried out according to the method described for ethylene polymerization. However, after 1 h of the first cycle, the polymerization was terminated by the closure of the ethylene feeding and the pressure was decreased to the standard conditions. When the ethylene pressure was reduced and stirrer was stopped, separation of the reaction mixture in two phases was observed: the upper phase containing hexane and polyethylene and the bottom ionic liquid phase. In inert nitrogen conditions, free of oxygen and water, the hexane phase containing polyethylene was sucked under reduced pressure (using vacuum pump) by means of a tube, while the ionic liquid phase containing the catalyst was remained in the reactor. The second reaction cycle was performed by introducing a new portion hexane (150 cm 3 ) containing a small amount of the alkylaluminium compound (2.0 · 10 −4 mol of Al), which act as a scavenger of impurities. The same procedure was repeated in the third cycle. Each cycle of the polymerization reaction was carried out in the same conditions (temperature: 30°C, pressure of ethylene: 5 atm., time reaction: 1 h).
Results and discussion
Ethylene polymerization
The ethylene polymerization was performed in the biphasic system, in which one phase (bottom) constituted the N-n-
, where the n-alkyl chain was n-butyl, n-hexyl, or n-octyl. The [C n -py][AlCl 4 ] ionic liquids were used as a medium of the Cp 2 TiCl 2 titanocene catalyst. The polymerization conditions including the AlEtCl 2 or AlEt 2 Cl activators were maintained as for the imidazolium ionic liquids [5] . The second (upper) phase was hexane, in which the produced polyethylene was gathered. The catalyst is not present in the hexane phase, but it is maintained in the ionic liquid phase during the polymerization reaction. Table 1 presents the performance of the biphasic ethylene polymerization using the studied ionic liquids. Generally, the AlEtCl 2 activator is better for the titanocene catalyst as compared to AlEt 2 Cl. The PE yield depends on the molar ratio activator/catalyst, regardless of the alkyl chain at the pyridinium cation and the kind of the activator. The PE yield increases with the increase of the molar ratio activator/catalyst, but only to an optimal value. This is connected with proper acidity of the ionic liquid phase, necessary for activity of the metallocene catalyst [6, 23] .
The advantageous feature of the studied N-nalkylpyridinium ionic liquids is the high transfer rate of the PE product into the hexane phase at lower values of the activator/catalyst molar ratio (Al/Ti = 67, 100 and 133). Further improvement of the polymerization performance can be obtained by prolongation of the polymerization time. This not only increases the total amount of the obtained polymer, but also improves the mass transfer of the polymer product to the hexane phase ( Table 1 ). The most effective system containing [C 4 -py][AlCl 4 ] and AlEtCl 2 was used to investigate the influence of the gradual prolongation of the polymerization time on the PE yield (Table 1, items 3-7) . Increase of the polymerization time from 30 to 120 min. results in increase of the amount of the PE product. Such behavior is typical for very stable supported organometallic catalytic systems [24] [25] [26] and proves that the Cp 2 TiCl 2 catalyst is firmly immobilized in the pyridinium chloroaluminate phase.
Another way to increase the catalyst performance in biphasic polymerization is the reuse of the ionic liquid phase containing the catalyst system. The reuse of the ionic liquid phase was tested on the 3-cycle ethylene polymerization using reaction parameters (Al/Ti = 100 mol/mol) that are optimal for system with [C 4 [12] [13] [14] . The amount of the polyethylene obtained from the hexane phase decrease from step to step, which seems to be connected with some difficulties at the laboratory scale. However, the total activity in all cycles reaches about a half tone of polyethylene per mole of the catalyst. It is the highest amount of the polymer product obtained in the studied biphasic processes. Moreover, the possibility to apply the ionic liquid phase in the multiple polymerization cycles also indicates a considerable stability of the titanocene catalyst immobilized in the ionic liquid phase. The activities obtained using the pyridinium chloroaluminate ionic liquids are greater than those obtained using the imidazolium analogues, when the same activator and catalyst were applied [5] . Moreover, the phase separation is much easier and the transfer rate of the PE product from the ionic liquid phase to hexane is greater when the studied pyridinium ionic liquids are used. These are important aspects of the biphasic process.
This effect can be explained by the physical properties of the studied ionic liquids, especially by their viscosity and density [22] , that have an effect on the performance of the biphasic systems [5, 6, 27] .
Densities 3 for n=4, 6, and 8) analogues [22] . It results from the lack of additional methyl substituent at the aromatic cation, which allows to pack more tightly the ionic liquid molecules. There is also considerable difference in density of the ionic liquid with n-butyl (C 4 ) substituent than n-hexyl (C 6 ) or n-octyl (C 8 ), which can be explained by more tight aggregation of the shorter alkyl chains [28] . .7 mPa · s, respectively for n=4, 6, and 8) analogues [22] . Obviously, the viscosity increases with the length of the alkyl substituent because higher energy barrier must be overcome by molecules in order to move past each other. It is very important for the biphasic polymerization because the produced PE should be easily transferred to the hexane phase. The relative high density and low viscosity of the studied [C 4 -py][AlCl 4 ] ionic liquid enable easy separation of the ionic liquid phase and at the same time, easy transfer of the produced PE.
Polyethylene properties
At the beginning of the polymerization reaction whitening and swelling of the ionic liquid phase is observed whereas the hexane phase remains colorless and transparent. After 5 to 10 min of the reaction, the produced polyethylene was transferred from the ionic liquid phase into the hexane phase, which enables to separate the product easily by means of simple decantation. This determines the high purity of the polyethylene produced.
Polyethylene, which was gathered from the hexane phase, has the form of pure white powder and was analyzed without any further purification. The results of analyses are presented in Table 2 .
The produced polyethylene is a linear polymer, regardless of the alkyl chain at the pyridinium cation. This indicates the singlet of methylene groups at δ=29.9 ppm ( 13 C NMR). The number of branches (from 6.8 to 9.7 of the methyl groups per 1000 methylene groups) is comparable for all the samples analyzed, as determined by 1 H NMR and FTIR analyses. The number of branches increases with increase of the activator concentration, regardless of the ionic liquid used.
Melting temperature of the polyethylene samples varies in the range of 124-138°C.
Molecular weight (M w ) of the PE produced varies from 22 600 to 121 200 g/mol. It depends on the polymerization time, kind of the ionic liquid, kind of the activator, and activator/catalyst molar ratio. The molecular weight increases with polymerization time. This is common for polymer products obtained using organometallic catalysts [25] . Polyethylene obtained in [C 4 The molecular weight also decreases with increase of the activator/catalyst molar ratio. This indicates that the alkylaluminium compound participates, most probably, in the chain termination reaction. To confirm this effect, the kind of the terminal groups in the polymer chain was determined using 1 H NMR method. Figure 1 presents 1 H NMR spectra of the PE samples obtained in the biphasic process. Apart of the strong signal about 1.30 ppm ascribed to methylene groups (-CH 2 -), the much weaker signals are seen, resulting from the presence of vinyl groups (4.87-4.97 ppm), allylic methylene groups (2.01-2.06 ppm), and methyl groups (0.85 ppm). The signal at 3.53 ppm indicates the presence of hydroxyl groups (-OH) in the polymer chain [6, 29, 30] .
The molecular weight distributions (M w /M n ) of the studied samples are monomodal but relatively broad, from 3.6 to 7.9. This is characteristic for the polymer obtained using supported metallocene catalysts [25, 31, 32] .
A distinguishing feature of the PE produced is the high bulk density, which reaches a value up to 665 g/dm 3 . The bulk density of the polymer depends on length of the alkyl substituent at the pyridinium cation as well as kind and concentration of the activator. The highest values of the bulk density are obtained using [C 4 -py][AlCl 4 ] ionic liquids and AlEtCl 2 . The bulk density increases with an increase of the reaction time, but decreases with an increase of the activator/catalyst molar ratio. It should be noticed, however, that such high values of the PE bulk density can be obtained only for the heterogeneous metallocene catalyst [25, 31, 32] . In the case of the homogeneous systems, the bulk density usually does not exceed 100 g/dm 3 [33, 34] . Figure 2 presents the SEM photo of the polyethylene samples. As can be seen, the polyethylene produced in the biphasic mode using chloroaluminate pyridinium ionic liquids has the shape of regular granules, similar to those obtained using organometallic catalysts anchored on a solid carrier [32, 35] .
The high crystallinity, determined by the DCS and WAXS methods, is characteristic feature of the PE produced in the ionic liquid phase. In DSC measurements, first heatingcooling-second heating runs are made. The first heating scan cycle was done in order to eliminate thermal history of the sample, that applied the polymer synthesis and processing, and also to eliminate moisture content. So, the second heating was used in this DSC analysis [36] [37] [38] . Nevertheless, the differences between the measurements after first and second runs for the studied PE samples are relatively small. After eliminating thermal history, the melting temperatures and crystallinity degree of the PE samples are little higher, up to 2 and 10 %, respectively. Therefore, differences in the melting temperature and crystallinity degree of the obtained polyethylene depend on the polymerization conditions (type of the ionic liquid, the activator/catalyst molar ratio) than on the procedure of the DSC measurement. According to the DCS method the crystallinity degree is in the range from 66.3 to 92.4 % ( Table 2) , and the PE samples from the hexane phase reveal high purity as shown by an example from the DSC thermograms (Fig. 3) . Diffractograms WAXS depict the distribution of the diffracted X-ray intensity on the test polymer as a function of diffraction angle 2θ. Crystallinity degree of the PE samples was determined by distribution of the diffractograms on the reflections coming from the crystallites and the broad peaks originating from the amorphous phase. The diffractogams were analyzed using WAXFIT computer program. In the procedure of deconvolution of diffraction curves, the experimental curve is approximated by a theoretical function consisted of component functions. Each of the component function represent the individual element of the diffractogram. Both peaks from crystal phase and maxima from amorphous phase are describes by the function, which is a combination of Gauss and Lorentz functions:
(x -diffraction angle 2θ, H i -peak height, w i -width at half maximum, x oi -peak position, f i -shape factor equal 1 for Gaussian curve and 0 for Lorentz curve)
The crystallinity degree was calculated as the ratio of the area under the crystalline peaks to the total area under Table 1) diffractograms (after background subtraction and Lorentz correction). Using Scherrer equation:
(λ -wavelength, w -width at half maximum of the peak for the lattice planes). Dimension of crystallites were calculated in a direction perpendicular to the lattice planes (110) and (200).
The WAXS measurement estimates the value to be about 80 % (Table 3 , Figs. 4 and 5) . The diffractograms of the studied PE samples are very similar indicating very small differences in their crystallinity degree. The results of the analysis of the selected sample (item 5) are depicted in Fig. 5 . It shows the maximum of amorphous phase (A) and two highest crystal peaks. The calculated crystallinity degree equal 80 %. Such a high crystallinity is atypical for the PE obtained using metallocene catalysts [39] and it corresponds to that of the commercial HDPE (crystallinity = 70-90 %) obtained using Ziegler-Natta catalysts [14, 15] . However, the sizes of the crystallites are quite small. They were estimated to vary from 165 to 178 nm in the direction perpendicular to the (200) lattice planes and from 188 to 206 nm in the direction perpendicular to the (110) planes (Table 3 , Figs. 4 and 5) . It seems that they do not depend on the studied ionic liquid.
The differences in the crystallinity degree values obtained from the DSC and WAXS methods results primarily from their specificity. In DSC analysis, the crystallinity degree is obtained by measurement of absorbed heat of fusion of the crystal phase, which is described by the peak area. All crystallites, even the smallest, have their contribution in the measured heat of fusion. Therefore, the value of the crystallinity degree determined by DSC method is relatively high. In WAXS method, reflections from very small crystallites are broadly distributed in diffractograms so that they overlap with components from the amorphous phase. Therefore, the value of the crystallinity degree determined by the WAXS method is lower in comparison to the DSC method.
In the present study we have also analyzed subnanometersized local free volume holes in polymer materials by positron annihilation lifetime spectroscopy (PALS). Polymers contain local free volumes as cavities or holes of atomic and molecular dimensions, which appear because of the structural disorder in the amorphous polymer structure [16] . The positronium atom (Ps), that is an electron-positron bound state, is formed and annihilates preferentially in the local free-volume region between molecules. The values of the components of annihilation spectra, i.e. lifetime positronium τ i and intensity of those components I i (where i -number of components) are associated with certain properties of the open volume defects, in which the positron annihilates. The positrons lifetime depends on the size of the open volume defects, whereas the intensity of the component of positrons lifetimes spectra, responsible for annihilation in the defects, depends on their concentration [40] . In this work the deconvolution of spectrum of lifetime positronium was performed on four components (τ 1 -τ 4 ) [14, 41] . It is assumed that the shortest lifetime τ 1 is attributed to the para-positronium ( p-Ps), the second lifetime component τ 2 is supposed to be due to free positron annihilation, and two longest-lived components τ 3 and τ 4 are considered to originate from ortho-positronium (o-Ps) annihilation in crystalline and amorphous regions of the polymer, respectively [14, 15, 41] . Table 4 shows the values of components τ 2 , τ 3 and τ 4, intensity of those components (I 2, I 3 and I 4 ), hole radius (R), volumes for free-volume holes (V v ), and free-volume fractions ( f v ) obtained for polyethylene produced using the studied pyridinium ionic liquids. Radius of the holes was calculated from the semi-empirical equation:
The values of f v were calculated using equation:
where a=0.0018 is an empirical parameter, and V v is determined from equation, that based on a crude model of particle in a spherical box:
The small values of radius of the holes and intensity of the τ 4 components are comparable to values for commercial linear polyethylene (M w =1 · 10 5 g/mol, M w /M n =3), which was subjected to a specific thermal treatment [14] . Moreover, these values indicate the high crystallinity (77-80 %) of the PE obtained. However, the sizes of the crystallites determined by WAXS measurement for the analyzed PE samples were two times smaller in comparison to results obtained for commercial polyethylene [14, 15] .
The high crystallinity degree of the PE obtained using the ionic liquid was independently confirmed by DCS, WAXS, and PALS methods. The high crystallinity degree of PE seems to be an effect of the ionic liquid environment. The ionic liquids -salts, which low melting temperature is due to the low-symmetry organic cations reducing the lattice energy, exhibit specific nano-structural organization [28, [42] [43] [44] . The molecular structure of the ionic liquids lead to formation of nano-scale polar domains created by ionic parts of the ionic liquid molecules, permeated by non-polar regions created by the alkyl side chains at the aromatic rings of the ionic liquid cations. Existence of such inhomogeneity characterized by ionic network and nonpolar regions, allows regarding the ionic liquids as "two-in-one" solvents, with each domain acting as a specific solvent for a given class of solutes: dipolar or associating solutes will interact with the polar network, whereas non-polar molecules will be solvated and tend to dissolve in the non-polar regions [44] . Such feature of the ionic liquids makes possible to apply them as the medium of the catalyst for olefin polymerization. The polar catalyst and activator are dissolved, and efficiently maintained, in the polar high charged regions characterized by ionic interactions. This allows creating cationic species with transition metal, which are able to perform the polymerization reaction. On the other hand, the ethylene monomer is dissolved in the non-polar regions of the alkyl side chains characterized by dispersive forces. The permeation of both polar and non-polar domains allows access of the non-polar monomer to the polar active species. The resulting polyethylene chains constitute nonpolar domains. However, the high-charge ionic network, responsible for the aggregation of the side chains in non-polar domains [43] , promotes polyethylene chain packing at the stage of its synthesis. This explains the high crystallinity degree of the produced polyethylene. Furthermore, the nanoscale size of the ionic liquids domains can explain small size of crystallites determined by the WAXS method.
Conclusions
The N-n-alkylpyridinium chloroaluminate ionic liquids [C npy][AlCl 4 ] (where n-alkyl = n-butyl, n-hexyl, and n-octyl) were applied for the first time as the medium of the 4 ] is characterized by relatively high density, which enables efficient separation of the phases, and simultaneously relatively low viscosity, which facilitates efficient mass transfer of the polymer product from the ionic liquid phase to hexane. The prolongation of the polymerization time and the possible reuse of the ionic liquid phase lead to further improvement of the polymerization performance and indicate a stability of the titanocene catalyst immobilized in the ionic liquid.
The presented results indicate that the application of the ionic liquid as the medium of the catalyst for ethylene polymerization is the promising way to obtain the polymer product characterized by unique and interesting properties obtained at the stage of its synthesis. Dual, polar/non-polar structural organization of the ionic liquids makes possible to anchor efficiently the catalyst in the ionic liquid medium. The high crystallinity degree and bulk density as well as regular shape of granules of the produced polyethylene results from the packing of the polyethylene chain at the stage of its synthesis.
The studied pyridinium ionic liquids as a medium for metallocene catalyst gives an alternative product to polymer that is usually produced by using heterogeneous catalyst on a solid carrier.
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